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Graphene growth by molecular beam epitaxy: an inter-
play between desorption, diffusion and intercalation of
elemental C species on the islands†
Francesco Presel,a Holly Tetlow,b Luca Bignardi,c Paolo Lacovig,c Cristian A. Tache,a‡
Silvano Lizzit,c Lev Kantorovich,b and Alessandro Baraldi∗acd
The growth of graphene by molecular beam epitaxy from an elemental carbon precursor is a very
promising technique to overcome some of the main limitations of the chemical vapour deposition
approach, such as the possibility to synthesize graphene directly on a wide variety of surfaces
including semiconductors and insulators. However, while the individual steps of the chemical
vapour deposition growth have been extensively studied for several surfaces, such a knowledge
is still missing for the case of molecular beam epitaxy, even though it is a key ingredient to optimise
its performance and effectiveness.
In this work, we have performed a combined experimental and theoretical study comparing the
growth rate of the molecular beam epitaxy and chemical vapour deposition processes on the
prototypical Ir (111) surface. In particular, by employing high-resolution fast X-ray photoelectron
spectroscopy, we were able to follow the growth of both single- and multi-layer graphene in real
time, and to identify the spectroscopic fingerprints of the different C layers. Our experiments,
supported by density functional theory calculations, highlight the role of the interaction between
different C precursor species and the growing graphene flakes on the growth rate of graphene.
These results provide an overview of the main differences between chemical vapour deposition
and molecular beam epitaxy growth and thus on the main parameters which can be tuned to
optimise growth conditions.
1 Introduction
Even though the unique properties of graphene (Gr) make it
an ideal candidate to replace silicon in nanoelectronic applica-
tions, its widespread adoption is still limited1,2. In addition,
Gr-based materials such as graphene oxide and composites have
shown great promise for the development of innovative photo-
and electro-catalysts and gas sensors3–7. However, many applica-
tions of graphene require a very high crystalline quality of Gr, to
ensure an outstanding performance and efficiency. The produc-
tion of Gr with such characteristics is usually performed by chem-
ical vapour deposition (CVD) on noble metal surfaces (usually
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polycrystalline Cu), followed by transfer onto its destination sub-
strate8. This method, however, is not yet cost-effective2. More-
over, this transfer process introduces not only defects into the Gr
sheet, but also contaminants such as metal atoms, which are in-
compatible with the requirements of nanoelectronic industry9,10.
An approach which has been investigated to address these issues
is to directly grow Gr on semiconductor or insulator surfaces.
However, the CVD growth of Gr on such substrates requires very
high temperatures as the surfaces are not able to efficiently catal-
yse the hydrocarbon precursor cracking, which has a significant
impact on the Gr production costs11–13.
The growth of Gr from atomic carbon sources, using the tech-
nologies of molecular beam epitaxy (MBE), is an alternative ap-
proach which does not require a hydrocarbon decomposition
reaction, and therefore has proven a viable route to grow Gr
on a wide variety of surfaces, including metals14, semiconduc-
tors11,12,15,16, insulators10,17–24 and other 2D materials25–28.
Moreover, it has proven effective in obtaining very high quality Gr
on surfaces where CVD is successful, even at significantly lower
growth temperatures than those required for the latter technique,
thereby reducing production costs14,16. In addition, MBE from a
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solid evaporator is up to now the only successful technique in the
synthesis of other 2D materials such as stanene, germanene and
borophene29–33.
However, in order to be able to fully exploit the advantages of
this technique and optimise the growth conditions for increased
cost-effectiveness and quality, an in-depth understanding of the
growth process is required34–36. While several studies have ex-
plored the mechanisms of Gr growth by CVD on different sur-
faces34,35,37–48, such a characterisation of the growth process is
– to our knowledge – still missing for the case of MBE growth.
In this work, we have investigated the dynamics of MBE Gr
growth by a combined experimental and theoretical approach
based on X-ray Photoelectron Spectroscopy (XPS) and Density
Functional Theory (DFT) calculations, in order to identify the
most relevant parameters that regulate the process and can be
most effectively exploited to improve the growth conditions. In
particular, our aim was to highlight the most relevant differences
between this technique and the more extensively employed CVD
method. For this reason, we have chosen as a substrate the
Ir (111) surface, where the individual phases of the CVD growth
process are already very well known, both experimentally41,46,48
and theoretically39,49,50.
In our work, we have used a high temperature growth ap-
proach for both the CVD and MBE techniques, by exposing the
surface to the precursor at a temperature which is already suf-
ficient for Gr growth51. This approach allows to study the dy-
namics of the flakes’ accretion process in real time, in particular
at the high-coverage limit. This latter phase represents a criti-
cal step in the growth process: in fact, at this stage, the metal
surface directly exposed to the precursor is very limited, often
consisting of 0D (mono- and di-vacancies) or 1D defects (grain
boundaries and dislocations) of the graphene layer, which might
not provide sufficient suitable adsorption sites for the precursor.
This issue can lead to an incomplete Gr coverage, and the result-
ing uncovered areas and vacancies, besides lowering the electron
mobility, represent a weak point from which Gr can be attacked
by other reactive species52. On the other hand, on several sub-
strates including Ir (111), additional layers have been shown to
form in some regions in particular conditions, especially at high
precursor flux37,38. For these reasons, a good understanding of
the dynamics of the last phases of the growth process is needed
to ensure that the growth conditions lead to Gr with a controlled
number of layers and a low density of defects.
Our experiments provide a spectroscopic characterisation of the
single- and multi-layer Gr growth on Ir (111). In particular, we
show that high energy-resolution XPS allows to resolve the signal
from the interface and upper layers of Gr. From real-time XPS
measurements combined with ab initio theoretical calculations,
we show that the MBE growth rate has a complex dependence
on coverage, which is controlled by the interplay between the
adsorption and diffusion of the carbon feedstock on the growing
Gr flakes. This more complex kind of interplay, with respect to
the CVD case, can be exploited to obtain either a single- (SL-Gr)
or a multi-layer growth of Gr on this surface in a controlled and
reproducible way: in fact, we show that the growth of a second
layer only occurs after the surface has been fully covered by a
complete SL-Gr. In addition, we prove that the MBE technique is
self-limited to a certain Gr thickness. This is a consequence of the
fact that the growth of the additional Gr layers occurs below the
already formed ones37, and therefore requires the intercalation
of the C feedstock through them. These results highlight the key
role played by the interactions between the precursors and the
growing Gr flakes on the characteristics of the final product, and
show that this parameter can be tuned by using different species
of C atoms or small clusters (such as dimers) as precursors.
2 Experimental methods
The photoemission experiments were carried out in the ultra high
vacuum chamber (base pressure 1×10−10mbar) of the Super-
ESCA beamline at the Elettra synchrotron radiation facility53.
Photoemission spectra were collected using a Phoibos hemispher-
ical electron energy analyzer from SPECS (150mm mean radius),
equipped with a delay-line detector. The experimental setup com-
bines high energy resolution with high data acquisition rates,
thus allowing real-time monitoring of the evolution of the core-
level spectral components during processes such as gas exposure
and temperature ramps54. The high-resolution core level spec-
tra were acquired with photon energies of 400 eV for C 1s and
200 eV for Ir 4 f7/2. The photon energy was chosen in order to
maximise the photoionization cross-section and ensure a compa-
rable mean escape depth for the photoelectrons of both spectral
regions. In particular, at the chosen photon energies, about 60%
of the signal arises from the first atomic layer. The overall exper-
imental energy resolution, which accounts for both the electron
energy analyzer and the X-ray monochromator, was kept within
50meV for measurements in the range 200-400 eV. Doniach-
Šunjic´ functions55 convoluted to a Gaussian, with a Shirley-type
background56, were fitted to all the core level spectra to obtain
the lineshape parameters and to determine the photoemission
intensity and core level BE. The lineshape parameters of these
functions describe the contributions due to the finite lifetime of
the core-hole excited final state (Lorentzian FWHM, L), to the
phonon-induced spectral broadening and experimental resolution
(Gaussian FWHM, G), as well as to the electron-hole pair exci-
tation probability (asymmetry parameter, α). The LEED experi-
ments were carried out using a commercial VG instrument with a
transfer width of about 100Å.
The sample was heated by irradiation from hot W filaments
mounted behind it. The temperature of the sample was mon-
itored by means of two K-type thermocouples spot-welded on
the sample. The Ir (111) surface was prepared by using a well-
established procedure57, based on repeated cycles of sputter-
ing, annealing and O2 and H2 treatments, which yields a long-
range ordered and clean surface, as proven by the sharp and low-
background (1× 1) low energy electron diffraction (LEED) pat-
tern and by the absence of traces of contaminants in the C 1s,
B 1s, S 2p and O 1s core level regions.
Both the CVD and MBE growth were performed at a temper-
ature of 1200K, which is known to result in the formation of
high-quality Gr on Ir (111)41,51. For the CVD growth, we per-
formed several experiments by exposing the sample to different
pressures of C2H4, ranging from 1×10−9mbar to 1×10−7mbar.
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The carbon MBE growth was carried out by employing electron-
beam bombardment on a high-purity graphite rod placed 80mm
from the sample surface, resulting in a carbon flux of 0.07ML/s,
as previously calibrated58, where a monolayer (ML) is defined as
C atoms/Ir unit cell. The quality of the Gr layer was verified from
the LEED pattern, which exhibits extra spots around the zero- and
first-order diffraction spots of the substrate, a clear fingerprint of
a moirè structure due to the lattice mismatch between Gr and
Ir (111). The moirè cell can be approximated as (10×10) Gr unit
cells over (9× 9) Ir unit cells, with a periodicity of 24.5Å59. In-
side each moirè cell, three different high-symmetry regions can
be identified, whose names – FCC, HCP and TOP60 – identify the
non-equivalent adsorption sites of the centre of the C rings. While
in the TOP region the Ir substrate atom lies right in the centre of
the C ring, in the FCC and HCP regions the centre of the honey-
comb lies on an Ir FCC and HCP site, respectively. It is important
to underline that Gr/Ir (111) represents a prototype of a weakly
interacting Gr layer61.
3 Theoretical methods
In a previous work, we have shown that most of the C species that
are produced by a Carbon source with our evaporation parame-
ters are formed by monomers (C1) and dimers (C2)
58. To investi-
gate the role of these species on the growth rate and self-limiting
behaviour of Gr growth, we have calculated the adsorption con-
figuration and energy of these species on Gr. The DFT calculations
of the carbon monomer and dimer adsorption on the Gr layer
supported by the Ir (111) surface were performed using the CP2K
code62. Goedecker-Teter-Hutter63 pseudopotentials were used
with the generalised gradient approximation and PBE exchange
correlation functionals64. Van der Waals forces were included us-
ing the DFT-D3 method65. A fully optimised m-DZVP66 basis set
was used with a plane wave cut-off energy of 300Ry. For geome-
try relaxations the forces on all atoms were less than 0.038 eV/Å.
For the Gr/Ir (111) system a (10×10)/(9×9) moirè cell was con-
structed, with the Gr sheet placed on 3 layers of Ir (111) and with
a vacuum gap of 15Å. The bottom layer was fixed to the bulk
lattice constant and the upper two layers were allowed to relax.
The adsorption energies are calculated from
Eads = EC(1,2)+Gr/Ir (111)−EGr/Ir (111)−EC(1,2)
where EC(1,2)+Gr/Ir (111) is the energy of the monomer or dimer
adsorbed on Gr/Ir (111) and EGr/Ir (111), EC(1,2) are the energies of
the Gr/Ir (111) system and monomer or dimer in the vacuum.
In addition, we calculated the diffusion barrier (Ediff) of C
monomers and dimers on Gr/Ir (111) using the Climbing Image
Nudge Elastic Band (CI-NEB) method67. The CI-NEB calculations
were performed using 7 images.
4 Experimental results
Figure 1(a) shows the sequence of high resolution C 1s core level
spectra measured in situ during C deposition from the carbon
source at T = 1200K. At the beginning of the uptake, a single
component, A, is observed, at about 284.2 eV BE. With increas-
ing C coverage, we observe a second component, B, appearing
Fig. 1 Time-resolved C 1s spectra acquired during Gr growth on Ir (111)
at 1200K using the (a) MBE and (b) CVD (at 1×10−8mbar C2H4) tech-
niques.
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Fig. 2 (a) Time-resolved C 1s spectrum acquired during MBE growth at 1200K. Selected spectra are plotted in (b), with their deconvoluted A and B
components. (c) Evolution of the photoemission intensity of each spectral component.
at higher BE (284.35 eV), while the spectral weight of the low
BE component decreases. This spectral series can be compared
with the one measured during Gr CVD growth at the same tem-
perature, during 1×10−8mbar C2H4 exposure, which is shown in
Figure 1(b). In the latter case, only a single component can be
detected throughout the whole experiment, having the same BE
as the A peak observed at the beginning of the MBE growth. This
trend suggests that, while in the first stages of the growth the two
methods produce the same C species, another non-equivalent C
species appears at higher coverages only when depositing C from
a solid target.
The modification in the C 1s spectral lineshape can be also ap-
preciated in Figure 2(a), where the real-time spectra are reported
as a two-dimensional plot in which the photoemission intensity
is represented in grey scale, ranging from low (white) to high
(dark). Representative spectra are shown in Figure 2(b) with
their deconvoluted spectral components, A and B. More in de-
tail, component A (L = 200meV, G = 180meV, α = 0.155) was
sufficient to properly describe the spectrum up to a coverage cor-
responding to that of a full SL-Gr on Ir (111), as obtained from the
self-limiting CVD growth41. For higher coverage, instead, compo-
nent B also had to be included. This latter peak has a lineshape
characterised by L= 215meV, G= 150meV and α = 0.045.
It is clear from Figure 2(c), where the intensities of the A and
B components are plotted as a function of the carbon deposition
time, that the intensity of component A decreases as component
B increases. The evolution of the two components and the over-
all increase in C coverage suggest that the new B species origi-
nates from additional non-equivalent carbon atoms. As will be
discussed later on, the C 1s binding energy value of the B peak,
very close to the one measured on graphite68, suggests that the
new component could be attributed to a second and further lay-
ers of Gr located above the first Gr layer. In fact, the decrease in
the intensity of the A component can be explained as due to the
increasing attenuation of the photoemission signal of the inter-
face carbon layer – the one directly above the Ir surface – exerted
by the additional layers of carbon atoms lying above it. Based on
these results, we believe that the single-layer growth is completed
at the point indicated by 2 in Figure 2, after which multi-layer
growth starts.
To quantitatively assess the total carbon coverage of multi-layer
Gr (Figure 3(d)), we evaluated the attenuation of the photoemis-
sion signal of both the Ir 4 f7/2 (Figure 3, left) and C 1s (Figure 3,
right) core levels due to the limited mean free path of photo-
electrons69. In particular, for the case of the C 1s (Figure 3(d),
right), it is important to consider that not only the A component
(which is attributed to the Gr interface layer, as will be described
later) will be screened by the second and further layers, but also
the total intensity of component B will be given by the sum of
the contributions of each C layer, each screened by all the layers
lying above it. This contribution, however, cannot be simply mod-
elled since it requires the knowledge of whether the multi-layer
Gr growth occurs by layers or by islands and, in the latter case,
their average size. For this reason, an average number n of Gr lay-
ers has to be defined by taking into account their screening effect
on the Ir 4 f7/2 and C 1s photoemission signal. The number of addi-
tional Gr layers besides SL-Gr, i.e. excluding the one at the inter-
face, is denoted as m= n−1. More in detail, we calculated these
numbers from the relations IA/IA,MAX = am and IIr/IIr,0 = an, where IA
is the intensity of the C 1s component A, IIr that of Ir 4 f7/2 and
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Fig. 3 Ir 4 f7/2 (left) and C 1s (right) spectra acquired at 300K on (a) clean
Ir (111), and after (b) CVD growth of a single Gr layer, (c) MBE growth of
a single Gr layer, and (d) growth of multi-layer Gr.
a is the attenuation by a single C layer. This latter parameter
can be obtained by measuring the attenuation of the Ir 4 f7/2 in-
tensity when n = 1, i.e. the one due to SL-Gr as obtained from
the CVD growth. As shown in Figure 3(a), left, both the surface
and bulk components of clean Ir (111)57 are indeed showing an
intensity which is reduced by the same factor, corresponding to
a parameter a = 0.43. It is interesting to notice that this is the
same attenuation which is obtained from the growth using the C
source, just before the second component starts to appear (Fig-
ure 3(c), left). Finally, the attenuation of the Ir 4 f7/2 signal at the
end of the experiment (Figure 3(d), left) is 0.16: by applying the
same formula, this yields n= 2.17±0.10.
The right-hand part of Figure 3 shows instead the photoemis-
sion intensities of both C 1s components (A and B) in the same
systems. In Figure 3(c), component A has the same intensity as
the one obtained in the CVD experiment (Figure 3(b)) while com-
ponent B is just 0.01 times as intense, which indicates that, at
this stage, the interface Gr layer was complete and the growth
of additional layers was just starting. On the other hand, in Fig-
ure 3(d), component A has decreased to 0.35 times its original in-
tensity, while the intensity of B is 0.86 times that of the full SL-Gr
in Figure 3(b), right. Based on these results, we calculated m also
from the attenuation of the A component in the C 1s spectrum,
obtaining a value m = 1.24± 0.10, in very good agreement with
the results obtained from the Ir 4 f7/2 spectrum analysis. Based
on the combination of these two methods, we estimate a value
n= 2.20±0.15. As a full layer of Gr has a coverage of 2.47ML, n
can be related to the C coverage Θ by the relation n = Θ/2.47ML,
yielding Θ= 5.43±0.40ML.
An important observation is that the ratio between the A and
B components of C 1s in the spectra taken at high temperature
(Figure 1) does not correspond to the one obtained from mea-
surements at room temperature (Figure 3). This can be explained
in terms of a modified mean free path which could be originated
for instance by an enhanced electron-phonon scattering by Gr at
high temperature, as demonstrated for the case of other solid sur-
faces70. Therefore, in order to calculate the C coverage for the
real-time spectra of the uptake experiment, the following proce-
dure was applied: as long as only component A was present, the
coverage was considered proportional to its intensity. In the sec-
ond part of the uptake, where component B was also present, the
coverage of A was fixed to the maximum value it had reached,
on the base of the growth model proposed above. To evaluate
the coverage of the additional Gr layers, the same formulas were
used as for the room temperature data; however, a new parameter
a1200K was introduced in place of a, corresponding to the value
of the attenuation by SL-Gr at T = 1200K. This parameter was
calculated from the ratio between the final and maximum inten-
sity reached by the A component during the uptake, by employing
the coverage value obtained from the room temperature measure-
ments (5.43ML). This high-temperature attenuation parameter
was then used to quantify the number m of C layers covering the
interface one as a function of time.
We further characterised the system by acquiring LEED im-
ages corresponding to all systems described above, as reported
in Figure 4. The SL-Gr prepared by CVD shows the well-known
diffraction pattern48, with the presence of several spots due to
the formation of the long-range order periodicity of the moiré su-
perlattice, which are aligned with those of the Ir (111) surface
(Figure 4(a)). These spots, however, are much broader along a
tangential than along a radial direction, thus indicating that Gr
is not completely aligned with the substrate’s crystallografic di-
rections, but shows a narrow distribution of rotational domains
around this direction. The presence of rotational domains in
constant-temperature CVD-grown Gr on Ir (111) is indeed one
of the main drawbacks when using this growth method on this
surface51. On the other hand, the MBE growth (Figure 4(b)) of
a single Gr layer leads to significantly narrower spots, which do
not display an evident angular broadening; moreover, a higher
number of diffraction orders can be seen. This indicates that for
similar growth conditions, the constant-temperature MBE growth
of SL-Gr on Ir (111) leads to a higher crystallographic quality of
the product, in agreement with what has been observed on sev-
eral other surfaces14,16. Finally, the image corresponding to the
multi-layer formation (Figure 4(c)) still shows the same moiré
spots, even though the background intensity has increased and
they show an increased broadening, indicating an overall poorer
crystallographic alignment and long-range ordering, and higher
density of defects, in the multi-layer Gr.
Another interesting result obtained in the carbon MBE exper-
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Fig. 4 LEED of single-layer Gr grown on Ir (111) at 1200K via CVD (a) and MBE (b) and after multi-layer Gr growth by MBE (c) (E = 74eV).
Fig. 5 (a): Comparison of C 1s core-level spectra of multi-layer Gr at
growth temperature (above) and room temperature (below). (b): C 1s
core-level BE evolution during MBE Gr growth at 1200K.
iment can be appreciated in Figure 5(a), where the C 1s spec-
tra of the A and B components measured at the end of the up-
take at high temperature (T=1200K) and at room temperature
(T=300K) are reported. At the end of the uptake, when about
2 Gr layers are present, the C 1s BE of A and B results to be
about 284.17 eV and 284.38 eV respectively, as shown in the top
spectrum of Figure 5(a). However, when the Ir (111) crystal
is cooled to room temperature, both components are character-
ized by a lower core level BE, which amounts to 284.10 eV and
284.30 eV, respectively (Figure 5(a), bottom). This decrease, of
about 70meV - 80meV, can be explained as due to the positive
thermal expansion of supported Gr, which is driven by that of the
Ir substrate underneath. In particular, we compared our experi-
mental findings with the C 1s core levels calculated by means of
DFT and molecular dynamics simulations for free-standing and
Ir (111)-supported Gr71. By increasing the temperature from
300K to 1000K, the calculated C 1s core level shifts of supported
Gr increase by 70meV, which is in very good agreement with the
increase we observe in our data.
Furthermore, as shown in Figure 5(b), the C 1s BE of both
components A and B shifts during the whole growth. In partic-
ular, before a full SL-Gr is formed, the BE of the only component
(A) decreases progressively. The minimum BE of the interface
GR layer, corresponding to the maximum degree of p-doping, is
achieved when a full SL-Gr is present. The C 1s BE of both com-
ponents, instead, increases when the multi-layers start forming,
with a roughly linear dependence on coverage. In particular, for
increasing number of layers, the C 1s BE of component B moves
closer to the value found in bulk graphite, which is 284.4 eV68.
5 Theoretical results
Figure 6 shows the calculated relaxed adsorption configuration of
C monomers (C1) and dimers (C2) on Gr/Ir (111).
The C monomer is found to be unstable in the hollow and
atop positions in the Gr unit cell, and will tend to relax to the
bridge configuration. We calculated the adsorption energy for C
monomers sitting in this site in the different regions (TOP, HCP
and FCC) of the Gr (10× 10) unit cell, as shown in Figure 6(a).
While the HCP-bridge and FCC-bridge configurations show quite
similar adsorption energy values (2.37 and 2.38 eV, respectively),
the TOP-bridge site is slightly preferred, with and adsorption en-
ergy of 2.48 eV. Also C dimers preferentially adsorb in TOP-bridge
sites (Figure 6(b)), with a slightly larger adsorption energy of
2.60 eV. It is interesting to note that the dimer adsorbs with
its axis perpendicular with respect to the Ir surface and induces
a considerable local deformation in the Gr lattice, by lifting up
the nearest- and next-nearest-neighbour C atoms. By comparing
the two systems, it is clear that the adsorption energies of a C
monomer or dimer are quite similar.
The pathway and energetics of the diffusion process are shown,
for both species, in the Supporting Information. The most
interesting finding is the much larger barrier Edi f f found for
the C monomers’ diffusion from TOP-bridge to TOP-bridge sites
(0.60 eV) with respect to the case of C dimers (0.26 eV - 0.28 eV,
depending on the choice of the initial-state).
6 Discussion
The comparison between the evolution of the C coverage in the
uptakes performed at the same temperature, using either the car-
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Fig. 6 Preferred adsorption configurations for (a) C1 and (b) C2 species on Gr supported on Ir (111). For the case of the monomers ((a)), the adsorption
energy in non-equivalent regions of the Gr moirè supercell is shown.
bon source or ethylene CVD, is shown in Figure 7. In order to be
Fig. 7 Comparison of the growth rate of Gr during MBE and CVD at
1200K at 1×10−8mbar C2H4. In (a), the total coverage of CVD- and
MBE-grown Gr are shown, together with the individual coverage of the
first and upper layers. (b): zoom-in of the initial growth rate and compari-
son with a linear behaviour (dashed).
able to compare the two different methods, however, it was firstly
necessary to correctly align the reaction coordinate for the two
experiments, namely the atomic carbon flux on the sample and
the exposure of the surface to the gas precursor respectively. This
was achieved by imposing a matching of the first derivatives of the
photoemission intensity curves with respect to the exposure coor-
dinate in the low-coverage region (i.e. below 0.1ML). This strat-
egy is based on the approximation that at the early stage of Gr nu-
cleation the change in the coverage depends mainly on the C sup-
ply rate (either from C2H4 molecules or from monomers/dimers
originating from the source) and not on the specific structures
present on the surface35,41.
As shown in Figure 7(a), the two curves corresponding respec-
tively to C 1s component A in MBE (orange) and to the corre-
sponding single component in CVD (blue) reach the same maxi-
mum intensity, which corresponds to a coverage of 2.47ML. How-
ever, the rate at which this maximum is reached is very differ-
ent: while that of the CVD process gradually decreases and the
approach to the 2.47ML limit is asymptotic with coverage, the
growth rate is still close to its initial value when the coverage
reaches that value for the MBE case. This difference can be ap-
preciated in particular starting from a coverage of 1ML, when the
slope of the curve corresponding to the CVD growth experiment
is clearly decreasing with respect to the C-source experiment, as
highlighted in the zoom-in shown in Figure 7(b).
The asymptotic behaviour is a clear fingerprint that, in the
CVD process, the growth rate depends on the portion of the sur-
face which is still free from Gr. As previously reported41, this
can be attributed to the very weak interaction between the re-
gions already covered by Gr and the precursor C2H4 molecules,
which causes the molecules adsorbing there to immediately des-
orb, without generating carbon feedstock. This is at the base of
the already mentioned self-limiting behaviour of CVD-grown Gr
on Ir (111), which allows to obtain SL-Gr with excellent selectiv-
ity on this surface. On the other hand, the Gr growth rate for
the MBE process does not vanish at a coverage of a full Gr layer,
and the total coverage increases further, as the new photoemis-
sion component B grows. It is interesting to point out that the
growth of the B peak starts exactly after the A component has
reached its maximum. This indicates that while the MBE growth
is not self-limiting and causes multi-layer growth, it is still possi-
ble to selectively obtain either SL-Gr or thicker Gr films by care-
fully monitoring the deposition process.
However, there is a limit to the thickness which can be obtained
by using this technique: the growth of the additional layers,
shown in Figure 7(a), eventually does reach saturation, which
in our conditions is reached after an equivalent exposure of about
30 Langmuir of carbon and at a coverage slightly higher than 2 full
C layers. The capability to distinguish between interface (A) and
additional (B) Gr layers in the C 1s spectrum allows us to rule out
possible artifacts in the evolution of their photoemission signal
due to the limited mean free path of electrons – which could lead
to an apparent saturation effect on the total C 1s signal –. Since
not only their total intensity, but also their spectral weight does
not vary any longer (as can be seen in Figure 2(c)), we can con-
clude that the growth has really stopped. This is quite surprising,
as one would expect the sticking probability not to vary signifi-
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cantly any more once the whole surface is covered by Gr. Another
remarkable result can be appreciated by observing the LEED pat-
tern generated by the Gr multi-layer, shown in Figure 4(c), which
still shows that the Gr layer is quite well aligned to the Ir (111)
substrate. A high degree of orientational ordering between CVD-
or MBE-grown Gr and its substrate is usually only observed when
there is a high degree of interaction between the C feedstock and
the substrate. For example, Gr has very few preferential orien-
tations on strongly interacting surfaces such as Re (0001)72 and
Ru (0001)73, can display several rotational domains on surfaces
such as Ir (111)51 and Rh (111)74, and often shows no preferred
orientation on very weakly interacting ones such as Pt (111)75,76
and Au (111)14. According to this, Gr is expected to show very
poor rotational alignment when growing on top of another Gr
layer38, and therefore the appearance of ring-like diffraction fea-
tures in the LEED pattern would be likely, as in the case of highly
oriented pyrolytic graphite77,78. These two remarkable facts can
both be explained if the growth of the new C layers takes place
not on top of the already grown layers, but on the buried Ir (111)
surface, by intercalation of C monomers/dimers at the interface
between the SL-Gr and the Ir substrate. This behaviour, indeed,
has been already observed in LEEM experiments on the Ir (111)
surface37 and on other surfaces such as Cu (111)38. The pro-
gressive reduction in the rate of multi-layer growth, then, can be
attributed to the fact that as further layers grow, it becomes in-
creasingly difficult for the C atoms to intercalate and reach the
surface, which is required to continue the growth. Moreover, the
growth of the new layers, since it occurs on the Ir (111) surface,
is still driven in its crystallographic direction by the interaction of
the precursors with it.
It is interesting to notice that, in our case, we were able to ob-
tain a multi-layer Gr where all layers have a reduced orientational
disorder, being narrowly distributed around a direction parallel to
the substrate’s lattice vectors. Previous studies by Nie et al.37, on
the other hand, which were performed by depositing additional
elemental carbon on a full CVD-grown Gr layer/Ir (111) charac-
terised by multiple rotational domains, showed that the growth
of a second layer was very rare below Gr oriented parallel to the
substrate crystallographic axes, when compared to the case of the
rotated Gr domains.
Finally, it is evident from Figure 7(b) that the growth rate of
the first Gr layer by MBE is still influenced by the amount of free
metallic surface, even though not as dramatically as in CVD. In
fact, while the growth rate remains relatively large, it is neverthe-
less decreasing at high coverage (starting approximately above
1ML), reaching about 80% of its initial value when the coverage
approaches that of a full Gr layer (Figure 7(a)). This decrease
must be related to some process occurring on the surface, similar
to the self-limiting behaviour occurring in the CVD growth pro-
cess yet less dramatic. For the case of CVD, in fact, the reduction
in the growth rate is due to the very low residence time of the
gaseous precursors on the Gr flakes, which causes them to desorb
before they can participate in the growth. The MBE behaviour, in-
stead, can be explained by the fact that the carbon monomers and
dimers have an adsorption energy on Gr which is large enough
to allow their adsorption on the surface and diffusion for a cer-
tain distance across the Gr flakes, yet the desorption probability
is still not negligible. This leads to an interplay between these
two processes: the carbon species adsorbed close enough to the
flakes’ edges can diffuse and reach them in a time shorter than
their average residence time on the surface, while those farthest
from them will desorb with high probability before they can reach
them.
More in detail, we used the results from our theoretical cal-
culations to quantitatively assess this hypothesis. In particular,
the time required for the adsorbed carbon to desorb from Gr is
τads(T ) ∝ eEads/kBT , which will be larger than the one required to
move to an adjacent cell, τdi f f ,1(T ) ∝ eEdiff/kBT , where kB is the
Boltzmann constant and T is the temperature. Moreover, the av-
erage time required to diffuse across N unit cells is simply N times
that required to move to an adjacent cell: τdi f f ,N(T ) ∝ NeEdiff/kBT .
By equalling these two quantities, we can obtain the maximum
number of Gr unit cells NMAX which an adsorbate can diffuse
through before desorbing. Finally, if we assume that the diffusion
of the adsorbates does not have any preferred direction, the cells
crossed by the adsorbates define an area, rather than a straight
line, on the surface, and therefore the average distance travelled
by the adsorbates is proportional to the square root of NMAX :
rMAX = aGR
√
NMAX
where aGR is the lattice parameter of Gr. The values thus obtained
for the monomers and dimers are respectively rMAX,M = 2.4µm
and rMAX,D = 18.3µm. For each carbon species, this value de-
fines the radii of two zones inside the Gr islands growing on the
Ir (111) surface. In particular, for the case of monomers, those
flakes whose radius is larger than the rMAX,M have an inner and
an outer region, separated by a boundary located at a distance
rMAX,M from the edge, such that carbon monomers deposited in
the outside region participate to the flakes’ growth, as they man-
age to diffuse until the edge of the flake, while those deposited in
the inside region desorb before they can reach an edge. Likewise,
a different boundary, at a distance of rMAX,D from the islands’
edge, separates the region where deposited dimers can partici-
pate in the growth or not. Due to the different values of rMAX,M
and rMAX,D, the islands of intermediate size between these val-
ues have two regions: the outer one, where both monomers and
dimers can reach the edge, and the inner one, where only dimers
can migrate to the edges. For even larger islands, a third, in-
nermost region is present, where no deposited species is able to
participate in the growth.
This mechanism very well explains the observed curve of the
growth rate. In fact, for low carbon coverage, the islands size is
smaller than the diffusion limit of both carbon species, and the
growth rate is constant as all adsorbed C species participate to
the growth, regardless whether they are deposited on an already
nucleated Gr flake or on a bare region of the surface. Only at high
coverages, when extended regions of the surface are covered by
Gr, a decrease in the growth rate is observed. In our system, the
growth is fed by monomers and dimers in a fairly similar ratio58
and the reduction we observe in the growth rate is about 20%:
we can calculate from this that the decrease we observe is almost
8 | 1–11Journal Name, [year], [vol.],
exclusively due to the monomers, and that the average size of the
Gr islands, at a coverage approaching that of a full Gr layer, is
between 5 and 10 µm. This size is comparable to the average dis-
tance between nucleated islands reported in LEEM experiments
during CVD growth on the same surface41. It is important to
observe that this size is not necessarily coincident with the aver-
age distance between grain boundaries, as a single island could
be formed by several grains, as long as there is no free iridium
surface in between.
7 Conclusions
In this work, we have described an investigation of the factors
governing the growth of Gr by means of MBE carbon deposition
from a solid evaporator. In particular we have shown that both
single-layer and multi-layer Gr can be grown by deposition of car-
bon monomers and dimers on the Ir (111) surface. For the case
of SL-Gr, a high quality and remarkable rotational alignment with
the crystal vectors of the substrate can be achieved at lower tem-
perature (1200K) with respect to the CVD growth51. In addition,
we have shown that this technique allows to obtain multi-layer
Gr characterised by a very narrow angular distribution of its dif-
ferent layers. Most importantly, by analysing the growth rate, we
have shown how the growth kinetics are controlled by a complex
interplay between the diffusion of the C precursors on the grow-
ing Gr islands and their desorption. This interplay is controlled
by the size of the islands and strongly depends on the chemical
species composing the carbon feedstock: this fact provides an ad-
ditional degree of freedom, besides temperature, to tune both the
quality of the Gr and the number of layers grown, by modifying
the composition of the carbon feedstock delivered.
The simple working principles of this technique, which unlike
CVD does not require any catalytic reactions, make it an ideal
tool for the growth of Gr or other 2D materials on a wide vari-
ety of substrates. Another possible advantage of the MBE tech-
nique is the possibility to produce Gr-based heterostructures or
components with an arbitrary shape for use in electronic devices
by shadow masking techniques79. Our results provide a generic
overview of the factors which play the most important role on the
growth dynamics, thus indicating the growth parameters which
can be most effectively tuned in order to improve the quality of
MBE-grown materials and to reduce production costs.
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